Objective: To compare in-vivo composition analysis between two dual energy X-ray absorptiometers, a DPX and a DPX/L, from the same manufacturer (LUNAR), pre(Study A) and post(Study B) hardware changes on both absorptiometers. Design: Comparison of (1) quality assurance (QA) data: air-counts low (38 keV), air-counts high (70 keV), aircounts ratio, percent spillover, R-delrin; and (2) total body compartments: total body tissue (TBTISS), total body fat (TBF), percent total body fat (%TBF), total body lean (TBLEAN), total body bone mineral content (TBBMC) and total body bone mineral density (TBBMD), between the two absorptiometers. Setting: Centre for Bone and Body Composition Research, University of Leeds. Subjects: Study A, 14 normal subjects and Study B, a different cohort of 19 normal subjects, were scanned on both machines on the same day. Results: In Study A, large signi®cant differences were observed in the QA parameters between the two machines. The DPX, air-counts low and air-counts high, being 25% and 22% lower than the DPX/L. The Bland± Altman method of analysis indicated that the DPX was signi®cantly higher for TBTISS (0.3 kg), %TBF (2%) and TBF (1.4 kg) and correspondingly lower for TBLEAN (71.0 kg). No signi®cant difference was observed in TBBMC.
Introduction
A signi®cant advance in body composition analysis has been the introduction of dual energy X-ray absorptiometry (DXA). The technique analyses the total body into various compartments, which consists of total body soft tissue (TBTISS), total body fat (TBF), percent total body fat (%TBF), total body lean tissue (TBLEAN), total body bone mineral content (TBBMC) and total body bone mineral density (TBBMD). It also has the ability to perform regional analysis of the arms, legs and trunk, for the same compartments (Lukaski, 1993; Nord & Payne, 1995; Toothill, 1995; Pietrobelli et al, 1996; Jebb, 1997) . The Lunar DXA absorptiometer uses a constant potential (76 kVp) X-ray tube and a K-edge ®lter (350 mg/cm 2 ) cerium to produce X-rays with effective photon energies of 38 and 70 keV. The differential attenuation of the photons at these energy levels, due to tissue composition differences, permits quanti®cation of bone and soft tissue. The composition of soft tissue (ST) is derived from the Rst value, the ratio of photon attenuation at 38 keV relative to 70 keV. This Rst-value is determined for each pixel that contains a minimum amount of soft tissue (b 3 g/cm 2 ) but no signi®cant bone (`0.05 g/cm 2 ) (Mazess et al, 1990) . The value of Rst varies linearly with percent fat content of soft tissue enabling soft tissue to be partitioned into fat and lean components. From the weighted average value of Rst derived from the total body scan and assuming that the Rvalues of fat (Rfat) and lean (Rlean) are known and constant then the lean fraction of soft tissue can be calculated (Gotfredsen et al, 1986; Pietrobelli et al, 1996) Lean Fraction Rst À Rfat Rlean À Rfat At the energies 38 and 70 keV, Rfat 1.20 and Rlean 1.40 (Mazess et al, 1991) . Since the density of fat is constant (0.9007 g/cc) there will only be a small variability within subjects. However, the Rlean value may show variability due to hydration, age and disease.
There is limited data to validate these assumptions. However Heyms®eld et al, 1994 demonstrated that Rfat 1.18 from chemical analysis of beef-lard mixtures. Additionally six elements and TBF were measured in 11 males using neutron activation analysis. From this study Rfat 1.18 and Rlean 1.399 AE 0.002 (calculated from measured elements). The age range and whether the subjects were patients or normals was not stated.
The Lunar DPX absorptiometer has been validated by comparison with other methods (Haarbo et al, 1991; Van Loan & Mayclin, 1992; Pritchard et al, 1993; Hansen et al, 1993; Jensen et al, 1993; Wellens et al, 1994; Aloia et al, 1995) . However it is dif®cult to assess the accuracy of DXA since no method utilized in body composition analysis can be regarded as the`gold standard'. It may be that the accuracy of the Lunar DXA machine could be validated by comparison with chemical analysis of animals. Svendsen et al, 1993 compared Lunar DXA body composition estimates with chemical analysis in a study of seven pigs, weight range 35±95 kg. The mean differences for %TBF, TBF and TBLEAN were 2.2%, 1.7 kg, 0.4 kg respectively, all nonsigni®cant. However the authors stated that homogenization procedure of the pigs was incomplete. In a more comprehensive study, Mitchell et al, 1996, compared 48 pigs, weight range 10.2±60.5 kg, scanned on a Lunar DPX/ L with chemical analysis. No signi®cant differences were observed for mean %TBF between DXA (18.2 AE 0.9%) and chemical analysis (17.8 AE 0.6%) or mean TBF between DXA (7.31 AE 0.6 kg) and chemical analysis (7.2 AE 0.5 kg). However correlation analysis indicated that DXA underestimated at low and overestimated at high values of %TBF. Additional studies are still required to determine the accuracy of DXA.
There are currently three major manufacturers of DXA machines, Hologic, Lunar and Norland. A number of studies have compared body composition analysis from different manufacturers absorptiometers with signi®cant differences being observed (Pritchard et al, 1993; Tothill et al, 1994; Pierson et al, 1995; Modlesky et al, 1996) . The variability in these results is probably due to different methods of calibration and analysis. Additionally recent reports have also indicated signi®cant differences in body composition analysis with absorptiometers from the same manufacturerÐLunar (Paton et al, 1995; Tatarmin et al, 1996; Economos et al, 1997) . The aim of the present study was to compare in-vivo body composition analysis between a Lunar DPX and a Lunar DPX/L situated on the same site (Centre for Bone and Body Composition Research, Leeds), and hence determine inter-machine variability (Study A). The study was then repeated after a detector change on the DPX due to the air-ratio exceeding its upper limit (0.70) and an X-ray tube/ detector change on the DPX/L, due to arcing problems (Study B).
Subjects and methods
During the course of two concurrent clinical research studies, subjects recruited as controls, were scanned on the two absorptiometers.
In the initial study, (Study A), over a period of three months, 14 subjects (6 females and 8 males) were scanned on the DPX and immediately afterwards scanned on the DPX/L. In the second study, (Study B) after the hardware changes, over a period of four months, a different cohort of 19 subjects (9 females and 10 males) were scanned on both machines on the same day. The only signi®cant difference in the study groups characteristics was that study B group were younger (Table 1 ). The study was approved by the hospital ethics committee and all subjects gave informed consent.
All total body scans were made with the medium scan mode (76.0 kVp, 150 mA), and total body analysis used the extended research mode of analogous software versions 3.6y (DPX) and 1.3y (DPX/L). All scans and analysis were performed by the same operator (BO). The total body transverse scan width of the Lunar machines are limited to 57.6 cm and to ensure that the subject lay wholly within the scanning area, all scans were made with the palm of the hand alongside the thigh. In comparing total body scans it is essential that arm positioning is consistent between scans. A reduction of approximately 20% in the arm bone pixels and 6% in arm BMC can be observed by placing the palms of the hands against the thighs compared to placing the palms of the hands¯at on the bed (unpublished data).
The short term in-vivo precision of the DPX and DPX/L for body composition compartments are given in Table ( 2).
The DPX machines were calibrated on a daily basis as recommended by the manufacturers. These Quality Assurance (QA) tests use a block of tissue equivalent material with three bone-simulating chambers of known bone mineral content which is scanned at a ®xed position on the scanning table. The counting parameters monitored include detector peak position, background counts, percent Comparison of in vivo body composition B Oldroyd et al spillover (the contribution from 70 keV photons to the 38 keV photon region due to Compton scatter), air counts of the low (38 keV) and high (70 keV) photons, the airratio of the 70 keV to 38 keV photons, a tissue value measurement of a soft tissue equivalent cylinder, R-delrin (delrin: 40% fat equivalent), in the calibration block which is used to analyse raw patient body composition data. Mechanical scanning data and shutter operation are also monitored. Finally the bone equivalent chambers are scanned to determine the bone mineral content and width of each chamber. Corrections for dead-time losses, spillover and beam hardening can be derived and applied to subject measurements. The quality assurance data, air-counts low, air-counts high, air counts ratio: air-counts high/air-counts low, percent spillover, and R-delrin were recorded for each of the scan days and their mean values for the two studies determined.
Statistical analysis
Linear regression analysis was used to determine the relationships between the two DXA machines and paired Student's t-tests were applied in each study to test for signi®cant differences in body composition compartments between the two machines. Additionally the agreement for TBTISS, %TBF, TBF, TBLEAN and TBBMC were also evaluated using the analysis of Bland & Altman (1986) . In this analysis the difference between the two values are plotted against their mean value. The mean difference, 95% con®dence interval (CI) for the difference ( AE 2 s.e.) of mean difference) and the limits of agreement ( AE 2 s.d. of the mean difference) are calculated. The mean difference is considered to be signi®cant if the 95% CI of the mean difference does not include zero. Correlation of the intermethod differences and the mean value was calculated using Pearson's correlation coef®cients. A P value of 0.05 was considered signi®cant.
Results

Study A
The DPX calculated signi®cantly higher values than the DPX/L for TBTISS, %TBF, TBF and a lower value of TBLEAN. No signi®cant differences were observed in TBBMC and TBBMD (Table 3 ). The observed difference in %TBF was also re¯ected by regional analysis, all three regions, arm, leg and trunk being signi®cantly higher for the DPX, indicating that the observed differences 2.0%, 1.5%, and 2.5% occurred over the whole body and were independent of tissue thickness (Table 4) .
Comparisons of the body composition compartments between machines, by linear regression analysis, showed a high degree of correlation, with slopes not signi®cantly different from one and intercepts not signi®cantly different from zero (Table 5) .
With the Bland and Altman method of analysis of the agreement between the DPX and DPX/L machines, the DPX had a signi®cant mean positive difference of 0.3 kg, 2% and 1.4 kg for TBTISS, %TBF and TBF and a signi®cant mean negative difference of 71.0 kg for TBLEAN. No signi®cant difference was observed for TBBMC (Table 6 ). The range of differences were, 70.3 to 1.0 kg, 0.3 to 3.9%, 0.3 to 2.8 kg and 0.2 to 72.1 kg respectively. The observed differences for %TBF(DPX± DPX/L) are plotted against their mean value (Figure 1a ). There was a slight correlation between the observed differences and increasing values of %TBF but it did not reach statistical signi®cance (r 0.44, P 0.11). When the intermachine differences were expressed as percentage of the mean value, the maximum values for TBTISS, %TBF, TBF and TBLEAN were 2.0%, 17%, 19% and 75% respectively.
The QA data for the study indicated that the DPX had signi®cantly lower air counts at both 38 and 70 keV with signi®cantly higher values for percent spillover and airratio. The DPX also had a higher value for R-delrin than the DPX/L, which did not reach statistical signi®cance, P 0.06, (Table 7) .
Study B
In this study, a closer agreement was observed for all the major compartments. However the DPX was now signi®-cantly lower than the DPX/L for %TBF and TBF and higher for TBLEAN. No signi®cant differences were observed for TBTISS, TBBMC or TBBMD (Table 3) . Regional analysis of percent fat indicated only signi®cant differences in the arms and legs of 1% and 0.9% respectively (Table 4 ). Regression analysis again had a high degree of correlation with slope not signi®cantly different 24.5(9.2) 23.0(9.2)** 25.6(9.1) 26.5(9.1)*** Trunk fat (%) 27.1(9.0) 24.6(8.1)** 24.6(7.4) 24.9(7.7)
Mean (s.d.). * P`0.05; **P`0.005; *** P`0.0005 (signi®cantly different from DPX).
Comparison of in vivo body composition B Oldroyd et al from one. Compared to study A there was a reduced intercept and SEE in all compartments except TBBMC (Table 5) . The Bland±Altman method in this study indicated that the DPX had now a signi®cant negative difference for %TBF and TBF of 70.6% and 70.4 kg respectively, with a signi®cant positive difference of 0.4 kg for TBLEAN. The mean differences, 95% CI of the mean differences and limits of agreements were all reduced compared to Study A apart from TBBMC (Table 6 ). The range of differences for %TBF, TBF and TBLEAN were 0.6 to 71.9%, 0.4 to 1.2 kg and 70.1 to 1.3 kg respectively. The plot of observed differences for %TBF against their mean value are shown in Figure (1b) . The differences were independent of mean value of %TBF (r 70.17). When the differences were expressed as a percentage of their mean value, the maximum values for %TBF, TBF and TBLEAN were 78.4%, 77.9% and 12.5% respectively, and all were reduced compared to Study A.
The QA data for this study indicated that the DPX had signi®cantly higher air counts at 38 keV and percent spillover, with signi®cantly lower air counts at 70 keV and airratio. The R-delrin value for the DPX was lower than the DPX/L, and just reached statistical signi®cance (P`0.05) ( Table 7) .
Discussion
The results of Study A indicated a signi®cant systematic difference for soft tissue analysis between the two absorptiometers with the DPX giving higher values than the DPX/ L for %TBF and TBF with complementary lower values for Mean (s.d.). *P`0.05; **P`0.005; ***P`0.0001 (signi®cantly different from DPX).
Comparison of in vivo body composition B Oldroyd et al TBLEAN. However in this study the QA data showed large differences between the two systems, the DPX having lower air counts (25%), higher spillover (20%), air ratio (2.5%) and R-delrin value. These differences did not affect bone mineral analysis as no signi®cant differences were observed for TBBMC and TBBMD. In Study B closer agreement was observed for soft tissue analysis than Study A. The agreement was also better than that reported in previous studies comparing Lunar machines. However in this study the DPX/L gave higher values for %TBF and TBF than the DPX. The QA data also showed a closer agreement with the DPX having higher air counts low (1%) and spillover (8%) with lower air counts high (7%), airratio (9%) and R-delrin value. As observed in Study A, no signi®cant differences occurred for TBBMC and TBBMD. It was observed, in both studies, that the absorptiometer with the lowest R-delrin value, hence higher percent fat, was associated with lower in-vivo %TBF values.
Although there was a high degree of correlation (r 0.99) between the two machines from regression analysis, there were statistically signi®cant differences in the soft tissue compartments in both studies. Regression analysis measures the relationship between measurements, it does not indicate the degree of agreement between them.
There have been three previous studies comparing soft tissue analysis between Lunar DPX absorptiometers. Paton et al, 1995 studied six subjects scanned on two machines and observed signi®cant differences for %TBF 5.3% (9.8% vs 15.1%); TBF 3.0 kg (5.9 kg vs 8.9 kg) and TBLEAN 3.9 kg (51.9 kg vs 48.0 kg). The difference for TBBMC 53 g (2862 g vs 2809 g) did not reach statistical signi®cance. Analysis was made using software version 3.6.
The soft tissues differences observed by Paton et al, 1995 were higher than those observed in this study. However the ranges of %TBF determined by the two machines in the Paton study, 3.8%±13.7% vs 5.6%±18.4%, tended to be lower than both Study A: 13.3%±42.1% vs12.1%±39.5% and Study B: 14.7%±35.6% vs 14.4%±35.6%.
Economos et al, 1997 studied ®ve subjects on three machines. The mean values between machines observed for TBF 19.3 kg vs 17.0 kg vs 19.1 kg; for TBLEAN 51.2 kg vs 51.9 kg vs 47.4 kg and TBBMC 2851 g vs 2836 g vs 2814 g. %TBF was not reported. Individual TBF and TBLEAN demonstrated a difference between machine sites of up to 19.2% and 7.1% respectively. Analysis was made using software version 3.6z and 1.3z.
Tataranni et al, 1996 compared 10 subjects on two machines observing signi®cant differences in all body compartments; %TBF 1.7% (26.7 vs 28.5%), TBF 1.15 kg (18.7 g vs 19.8 kg); TBLEAN 1.45 kg (47.9 kg vs 46.4 kg) and TBBMC 68 g (2744 g vs 2675 g). Software version 1.3z was used for analysis. They also repeated the study using the same QA block on both machines to determine whether the discrepancy could be attributed to the QA block. However, the results were consistent with the initial study.
The soft tissue analysis of the previous two studies were comparable to the results observed in Study A. Additionally Tataranni reported a signi®cant difference in TBBMC. However in this study no signi®cant differences were observed in TBBMC and TBBMD.
The QA parameters for the Lunar DXA machines have wide limit ranges for the X-ray tube output. The low (38 keV) and high (70 keV) air count limits are 400 000 to 900 000 and 200 000 to 630 000 counts respectively. The limit ranges for percent spillover, air counts (70 keV/ 38 keV) ratio and R-delrin are 6.3±10.3%, 0.50±0.70 and 1.302±1.320 respectively. These wide limits while acceptable for bone mineral determination may need to be more stringent for total body soft tissue analysis.
We are currently unable to positively identify reasons for differences between Lunar DXA machines for soft tissue analysis. Van Loan et al, 1995 demonstrated that differences could arise in total body analysis from different software versions but all studies used analogous versions of software, although in the previously reported studies it is unclear whether standard or extended research analysis was used. An additional problem in trying to identify causes for the differences between machines is the limited knowledge of the manufacturers algorithms. The agreement between the machines after hardware changes in this study was better than comparisons observed in the other studies of Lunar machines. However, in this study, a limiting factor was that subjects at the extremities of %TBF (`10% and b 40%), were not measured and the full range of the calibration of the machines was not tested.
There is currently an urgent need by research groups for a soft tissue phantom to determine DPX inter-machine variability from both the same and different manufacturers. Additionally, using a reliable phantom, long-term precision of soft tissue analysis could be determined.
Currently a cautious approach should be adopted regarding the pooling of body composition data obtained from Lunar absorptiometers. However for bone mineral, we observed inter-machine agreement in both studies. even with large differences in QA values, so from this study the pooling of total body bone mineral data would appear to be valid.
Conclusions
In agreement with previous studies, it is essential that for longitudinal studies of body composition all measurements should be on the same machine for the duration of the study. Additionally, from the results of this study, careful monitoring will be required if any hardware changes are made during the course of a study, as it may adversely affect the results. In multi-centre studies, it is essential that inter-comparison measurements should be made to identify any inter-machine variability.
